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Uniform exciton ﬂuorescence from individual
molecular nanotubes immobilized on
solid substrates
Do¨rthe M. Eisele1, Jasper Knoester2, Stefan Kirstein1, Ju¨rgen P. Rabe1* and David A. Vanden Bout3*
Self-assembled quasi one-dimensional nanostructures of
p-conjugated molecules1–15 may ﬁnd a use in devices owing to
their intriguing optoelectronic properties, which include sharp
exciton transitions1–5, strong circular dichroism5–7, high exciton
mobilities8,9 and photoconductivity10. However, many appli-
cations require immobilization of these nanostructures on a
solid substrate,which is a challenge to achievewithout destroying
their delicate supramolecular structure. Here, we use a drop-ﬂow
technique to immobilize double-walled tubular J-aggregates of
amphiphilic cyanine dyes without affecting their morphological
or optical properties. High-resolution images of the topography
and exciton ﬂuorescence of individual J-aggregates are obtained
simultaneously with polarization-resolved near-ﬁeld scanning
optical microscopy. These images show remarkably uniform
supramolecular structure, both along individual nanotubes and
betweennanotubes inanensemble, demonstrating their potential
for light harvesting and energy transport.
Double-walled tubular J-aggregates of amphiphilic cyanine dyes
are a particularly interesting class of self-assembled molecular
aggregates7,16. Similar to the highly efﬁcient photosynthetic
antenna systems of green sulphur bacteria8,17,18, they contain thou-
sands of molecules, packed in a cylindrical geometry with a diam-
eter on the order of 10 nm and a length that may extend to
micrometres5,7. The interaction between the optical transitions of
the molecules within the aggregates leads to delocalized electronic
excitations, Frenkel excitons, which determine their fascinating
opto-electronic properties1,5. It remains a challenge, however, to
immobilize non-destructively such self-assembled supramolecular
structures on solid substrates, and to determine their uniformity
both within a single aggregate as well as between different aggregates
within an ensemble.
Here, we report on tubular J-aggregates of the amphiphilic cyanine
dye 3,30-bis(2-sulphopropyl)-5,50,6,60-tetrachloro-1,10-dioctylbenz-
imidacarbocyanine (C8S3) (Fig. 1a,b)5,7,19. The combination of the
stacking of the dyes’ p-conjugated units and hydrophobic inter-
actions of the alkyl chains in aqueous solution yields double-walled
nanotubes, as observed in cryo-transmission electron microscopy
(TEM) images7. The details of the molecular packing determine the
nature of the delocalized exciton states1,5. Here, the packing leads to
J-aggregates, which exhibit highly ﬂuorescent exciton transitions, nar-
rowed and redshifted compared with the monomer, where the two
peaks in the ﬂuorescence spectrum have been previously attributed
to the inner and outer wall of the tubular aggregate5,19 (Fig. 1c,d).
The redshifted J-bands clearly indicate strong excitation transfer
interactions between the individual molecules, which is a prerequisite
for efﬁcient energy transport.
Because the optical properties of J-aggregates depend sensitively
on the supramolecular structure, polarization-resolved ﬂuorescence
near-ﬁeld scanning optical microscopy (NSOM)20–22 is a powerful
tool for the investigation of the uniformity of individual tubular J-
aggregates on solid substrates. To immobilize the aggregates from
solution, a drop-ﬂow technique (see Methods) was developed that
isolates the nanotubular aggregates sparsely across the solid sub-
strate as shown by scanning force microscopy (SFM) (Fig. 2a).
The height analysis of the SFM images reveals a distribution with
two distinct average thicknesses of (12+2) nm and (24+2) nm
(see Methods and Supplementary Information). The smaller value
is consistent with cryoTEM data obtained for frozen solutions of
the tubular aggregates (13+0.5 nm) (ref. 7). The larger structures
are attributed to bundles consisting of two to four tubes7.
Figure 2b shows that the ﬂuorescence spectrum from an ensemble
of tubes in solution is almost identical to that acquired from an
ensemble on a solid substrate. This strongly suggests that the supra-
molecular structure is unchanged upon deposition, because the
exciton energies and optical transition strengths depend sensitively
on the aggregates’ structure5. We found that the traditional spin-
coating method, the most common technique to deposit molecular
aggregates onto solid substrates, does not maintain the supramole-
cular structure (see Supplementary Information).
NSOM images of both topography and ﬂuorescence of the
nanotubes isolated on the substrate were collected simultaneously.
The aggregates were excited in the near-ﬁeld and the ﬂuorescence
collected in the far-ﬁeld. Figure 3a,b presents NSOM images, in
which the ﬂuorescence intensities were probed with an optical
resolution (see Supplementary Information) of better than
70 nm. The images demonstrate that the tubes’ ﬂuorescence is
strictly correlated with the topography. The simultaneous record-
ing of both topography and ﬂuorescence together with the high
resolution of the NSOM enabled us to spatially probe variations
of the structure within and between individual aggregates. This
is in contrast to previous studies of individual aggregates with
NSOM and confocal microscopy4,20,23–25, which were often
complicated by a broad and sometimes hard to control distri-
bution of aggregate morphologies.
The most obvious distinction in both topography and ﬂuorescence
images (Fig. 3c,d) is between the individual aggregates and the bundled
ones. The larger heights of the latter in the topography clearly correlate
with higher ﬂuorescence intensities; in fact the image (Fig. 3e) shows
that the intensity (Fig. 3f) of a bundled aggregate is essentially the sum
of the intensities of the two merging individual aggregates
[Ibundle/SIindividual¼ (0.98+0.10)], indicating no signiﬁcant quench-
ing of the ﬂuorescence intensity in the bundled aggregates (see
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Figure 1 | Cylindrical chiral double-walled nanotubular J-aggregates of an amphiphilic cyanine dye molecule. a, 3,30-bis(2-sulphopropyl)-5,50,6,60-
tetrachloro-1,10-dioctylbenzimidacarbocyanine (C8S3) monomer. b, Schematic of the self-assembled nanotube showing the double-walled structure with the
alkyl chains at the interior of the bilayer. c, Schematic showing the orientation, b, of the transition dipole of the monomer relative to the long axis of the
nanotube. The grey band demonstrates how the monomers wrap around the aggregate in both the inner and outer walls. d, Fluorescence spectra of the
monomer’s solution and the aggregate’s solution showing the narrowed and redshifted transitions typical for J-aggregates. The two main aggregate































Figure 2 | Immobilization of tubular J-aggregates on a solid substrate. a, Scanning force microscopy image of the tubular aggregates immobilized on a
quartz substrate. Long nanostructures with two distinct heights are clearly visible. The thinner objects are attributed to single tubular aggregates and the
thicker ones to bundles of such aggregates. b, Fluorescence spectra of the aggregates’ ensemble in solution (red) and on the solid substrate (black),
normalized to the maxima. The agreement between the two spectra indicates that the supramolecular structure of the aggregate remains intact upon
deposition onto the solid substrate.
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Supplementary Information). Finally, less than 10% of the individual
aggregates displayed large spatial variations in their ﬂuorescence inten-
sities, with regions that appear to have little or no ﬂuorescence
(Fig. 3g). The corresponding topographic image reveals that these
aggregates are no longer morphologi-cally intact.
Although both individual aggregates and bundled aggregates show
interesting optical properties with strongly ﬂuorescent J-bands, we
focused further studies on the supramolecular structure of individual,
morphologically intact double-walled nanotubular aggregates, as
these present the simplest quasi-one-dimensional excitonic model
system. The ﬂuorescence intensity along a tube is highly uniform, as
demonstrated by a representative line scan along a tube segment
(Fig. 3c,h). Generally, the observed intensity ﬂuctuation along the
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Figure 3 | Fluorescence and topography NSOM images of the tubular aggregates. a,b, Total ﬂuorescence (a) and topography (b). The ﬂuorescence is
clearly correlated with the topography, indicating that the emission is originating from the aggregates. c,d, Individual aggregates (*) and bundles (**) are
clearly visible in the expanded portions of c and d of the emission and topography images, respectively. e, Fluorescence of individual aggregates that merge
into a bundled aggregate. f, Line scans perpendicular to the aggregates in e, averaging over 200 nm. The ratio of the total intensities of the bundled
aggregate (*) and of the sum of the total intensity of the two separated aggregates (**) is 0.98+0.10 indicating no signiﬁcant quenching of the ﬂuorescence
in the bundled aggregates. g, Some images reveal aggregates that have been broken upon deposition; the pieces of such broken tubes are visible in both the
emission and the topography. h, Fluorescence along the individual tube highlighted in image c. The red line indicates the average ﬂuorescence along the
nanostructure. The small ﬂuctuations in intensity are consistent with the expected photon counting noise.
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distribution from photon counting (see Supplementary Information).
Its standard deviation of 7% indicates a spatially highly uniform supra-
molecular structure of the individual aggregates.
The polarization of the ﬂuorescence with respect to the tubular
axis provides an even more critical probe of the uniformity of the
aggregate’s structure, because it is extremely sensitive to the molecu-
lar packing, in particular to the angle b between the transition
dipoles of individual molecules and the tube’s long axis5 (Fig. 1c).
To investigate the polarization properties, the emission was col-
lected in two mutually perpendicular polarization directions
(x and y) that correspond to the horizontal and vertical directions
in the images (Fig. 4a). Figure 4b,c displays the simultaneously col-
lected ﬂuorescence intensities, Ix and Iy, which clearly demonstrate a
strong correlation between the orientation of the tubes on the sub-
strate and the polarization of their ﬂuorescence: the aggregates
oriented along the x-axis (y-axis) are brightest in the x-polarized
(y-polarized) image.
The polarization of the individual aggregates was quantiﬁed
using the reduced linear emission dichroism
D ¼ Ix  Iy
Ix þ Iy
ð1Þ
Figure 4d displays an image of D, which allows one to correlate the
polarization properties to the orientation of the aggregates on
the substrate, characterized by the angle F between the axis of the
aggregates and the x-axis of the image. If the aggregates all have
the same emission dipole moments, their dichroism will depend
on the angleF. The cylindrical symmetry of a tubular aggregate dic-
tates general selection rules such that it has emission components
parallel and perpendicular to its axis5. From these selection rules,
one ﬁnds that for a tubular aggregate oriented at the angle F
DðFÞ ¼ a cosð2FÞ ð2Þ
where a depends on the relative intensities of the emission com-
ponents that are polarized parallel and perpendicular with respect to
the aggregate’s axis. If a were the same for all aggregates, this would
be a strong indication that their exciton spectra and thus their supra-
molecular structures are spatially uniform and identical for all aggre-
gates. This would provide hitherto unknown information on the
variation of the emission strengths of the exciton states in individual
tubes along the directions parallel and perpendicular to their axes.
Figure 5 displays the dichroismD for 18 tubes plotted against their
orientation F on the surface. Also shown is a ﬁt to equation (2),
which yields a¼ 0.67+0.04. The quality of the ﬁt clearly demon-
strates that indeed there is no signiﬁcant variation between the differ-
ent aggregates within the ensemble. The fact that a is smaller than
unity indicates that a portion of the emission is polarized perpendicu-

























Figure 4 | Polarized ﬂuorescence NSOM images of the tubular aggregates. a, Schematic of the collection geometry in which images of the ﬂuorescence
intensity, I, in two orthogonal polarizations are collected simultaneously by separate avalanche photodiodes (APD). b, NSOM image of the horizontally
polarized ﬂuorescence. c, NSOM image of the vertically polarized ﬂuorescence. The red (blue) ellipses highlight aggregates for which emission is dominated
by the vertical (horizontal) channel; these are all oriented approximately in the vertical (horizontal) direction. d, NSOM image of the ﬂuorescence dichroism
D deﬁned in equation (2). The vertically oriented aggregates show negative dichroism (red) and the horizontal ones are positive (blue).
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for C8S3 tubular aggregates prepared along a similar route5, which
revealed that the molecules were packed in the walls with their tran-
sition dipole moments at an angle of 458 to the tubes’ axis and
energy separations between the exciton states on the order of a few
hundred cm21. The total ﬂuorescence at room temperature is
biased towards the parallel components, which correspond to the
lower energy transitions, but the energy separation of kBT still
allows a small portion of the emission to emanate from the higher
energy perpendicular transitions.
The emission selection rules quoted above may break down, even
for perfectly uniform structures, because disorder in the molecular
transition energies and interactions, imposed by random ﬂuctu-
ations in the environment, breaks the cylindrical symmetry of the
exciton system26. This leads to localization of the exciton states on
ﬁnite patches on the tubes’ walls. If the NSOM resolution does
not allow excitation of individual exciton states, equation (2) still
holds, where a is effectively averaged over disorder realizations.
An interesting challenge will be to experimentally probe the possible
role of disorder and exciton localization by locally measuring the
ﬂuorescence emission or excitation spectra or locally probing the
exciton dynamics4,27–29 on individual aggregates.
The immobilization of uniform double-walled tubes from solution
also opens the exciting perspective to study exciton transport, a crucial
property for applications such as light harvesting, in individual well-
deﬁned aggregates. So far such studies have been limited to ensembles
of aggregates (often of unknown morphology) with random exciton
traps. These studies could not answer questions regarding the
nature and range of the exciton motion in individual aggregates.
For these double-walled aggregates, the typical strength of the exci-
tonic interactions and the exciton lifetime suggest transport lengths
between 30 nm (diffusive Fo¨rster regime) and 1 mm (unidirectional
coherent motion) (see Supplementary Information). Partial coher-
ence, as reﬂected by the sharp J-bands, leads to the expectation that
this length is of the order of 100 nm. Our work makes it possible
to directly verify this in future experiments by optically probing indi-
vidual uniform immobilized aggregates on the nanoscale.
In summary, individual nanotubular J-aggregates, self-assembled in
solution, have been immobilized on solid substrates without destroying
their delicate double-walled nanostructure. Polarization-resolved
ﬂuorescence NSOM reveals that their supramolecular structure is
highly uniform both along an individual tube and between different
tubes within an ensemble, even after deposition. This makes them
excellent model systems for the investigation of exciton transport in
individual quasi-one-dimensional nanostructures as well as for light
harvesting and other optoelectronic applications in future solid-
state devices.
Methods
Preparation of J-aggregates. The amphiphilic cyanine dye derivative 3,30-bis
(2-sulphopropyl)-5,50 ,6,60-tetrachloro-1,10-dioctylbenzimidacarbocyanine (C8S3,
MW¼ 902.8 g mol21, scheme 1a) was obtained as a sodium salt (FEW Chemicals)
and used as received. Double-walled nanotubular J-aggregates were prepared
according to the ‘alcoholic route’7 as described in detail elsewhere19.
Deposition and characterization. To immobilize isolated individual nanotubular
J-aggregates on a solid substrate, a drop-ﬂow technique was developed as follows.
The substrates were cleaned with ammonium hydroxide and hydrogen peroxide and
stored in ultrapure water. About 100 ml J-aggregate solution was poured over a tilted
(808 with respect to the horizontal) cleaned glass or quartz slide of1 cm 1 cm,
and then slowly dried in air for 1 h while stored in a black box in order to isolate
the J-aggregates on the surface completely from air currents and light.
Fluorescence spectra of both J-aggregates on quartz surfaces and in solution were
taken with a ﬂuorescence spectrometer (Shimadzu RF-5001PC) in a 0.1-mm quartz
cell (Hellma) with an excitation wavelength of 530 nm.
The morphology of J-aggregates deposited on solid substrates was investigated
by scanning force microscopy (SFM) using a MultiModeTM SFM (Veeco
Instruments) operated under ambient conditions in tapping modeTM. OLYMPUS
etched silicon cantilevers were used that had a typical resonance frequency in the
range 200–400 kHz and a spring constant of 42 N m21.
Line scans on height images revealed two different apparent heights, (6+1) nm
and (18+2) nm (see Supplementary Information). However, they cannot be
attributed directly to the thickness of the adsorbed nanostructures, because the
material properties of adsorbate and substrate cause different adhesion and also
wetting behaviours of, for example, water from the ambient humidity30, so a better
approach to the thicknesses is the evaluation of the difference in thickness of the
observed two adsorbed nanostructures. This difference amounts to (12+2) nm,
which is in good agreement with the diameter of the individual nanotubes of
(13+0.5) nm, determined from cryoTEM images of frozen solutions7.
The ﬂuorescence spectrum of the adsorbed nanotube ensemble (Fig. 2b) strongly
suggests that the supramolecular structure of the nanotubes is unchanged upon
deposition on the solid substrates. We therefore exclude a signiﬁcant deformation of
the nanotube’s circumference, even though the apparent height of the smallest
objects is much lower than the diameter of the nanotube in solution. Instead, we
attribute the apparent height to an offset of the absolute height scale by6 nm. This
makes the absolute thickness of the larger objects (24+2) nm, corresponding to a
double layer of individual tubes. The tube’s cross-section is difﬁcult to determine
from the SFM images due to the convolution of the tip apex with the sample shape.
If one compares the ﬂuorescence intensity of the thicker tubular objects with the
thinner ones, a ratio of 4+1 is observed (see Supplementary Information). Given the
lack of quenching observed for the merging aggregates in Fig. 3e,f, one can conclude
that the thicker nanostructures are bundles of four individual tubes. Such bundles
are also observed in the frozen aggregate solution by cryoTEM7.
Polarization-resolved emission NSOM. NSOM images were collected using an
Aurora NSOM from TopoMetrixTM Cooperation (Veeco Instruments) modiﬁed for
polarized ﬂuorescence imaging21. Both topography and near-ﬁeld ﬂuorescence
images were collected simultaneously. The topography images were measured by
monitoring the shear-force signal of the tip interacting with the substrate. High-
resolution ﬂuorescence images were collected by illuminating the sample with the
NSOM probe and collecting the excited ﬂuorescence in the far-ﬁeld. Laser light
(532 nm) was coupled into an aluminium-coated NSOM probe that had been
mounted on a tuning fork, supplied by Veeco Instruments. An image was generated
by raster scanning the NSOM probe across the sample with a dwell time of 40 ms for
each pixel. The J-aggregate emission was collected from below the sample with a
microscope objective (NA¼ 0.7). The ﬂuorescence signal was separated from the
excitation light using an optical broadband ﬁlter. Finally, the emission was focused
by a lens system through a broadband polarizing cube beamsplitter (Newport
Cooperation, 05FC16PB.3, Tp/Ts 1,000:1 average) onto the front of two single
photon counting avalanche photodiodes (PerkinElmer SPCM-AQ 14) to detect the
two orthogonal polarizations. The polarization-resolved beamsplitter (analyser) was
aligned such that the polarization directions corresponded to the axes of the
scanning stage and thus to the image frame. The optical resolution was quantiﬁed
from line-scans across individual aggregate features (see Supplementary
Information). Based on the full-width at half-maximum (FWHM) of the line scans,
it was better than 70 nm, on the order of l/8. This may be limited by the pixel size of
66.7 nm (300 300 data points for a 20 mm 20 mm image). The given resolution





















Figure 5 | Fluorescence dichroism of single tubes with different orientation.
Plot of the dichroism D of intact single aggregate nanostructures as a function
of their orientation characterized by the angle F between the aggregate and
the horizontal x-axis within the detection plane (for error bars see
Supplementary Information). The ﬁt to the data points shows the expected
cos2F dependence, with an amplitude of 0.67.
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